The submillimeter-wave rotational spectrum of the PS radical in the electronic and vibrational ground state (A' 2 77I/ 2 , X 2 IJ 3 / 2 ) was recorded with the Cologne terahertz spectrometer in the frequency region between 540 GHz and 1.07 THz, covering rotational quantum numbers from J = 30.5 to 60.5. The PS radical has been produced by discharging PSC1 3 buffered with Ar. For all transitions the yl-doubling was resolved for both the 2 77I/2 and 2 77 3 / 2 states. For some transitions with AF = 0 the hyperfine structure (hfs) caused by the P-atom could partially be resolved even for rather high J values. Analysis of the complete rotational data set of PS allows the derivation of a full set of molecular parameters, including the rotational constants B, D, H, the fine-structure constants A, 7, D 1 , the parameters for the yl-doubling p, D p , q, and the magnetic hyperfine constants a, b, c, d, Ci. All parameters have been determined, whereby a, c, and the nuclear spin rotation-constant Ci were obtained for the first time.
I. Introduction
In the laboratory the PS radical was first studied by Dressier in 1955, who investigated part of the electronic spectrum and assigned the measured spectra arising from the C 2 E -X 2 U and B 2 n -X 2 U band systems in the wavelength regions between 2700 -3100 and 4200 -6000 A respectively [1] .
The fundamental vibrational band of PS near 733 cm -1 was measured by , using a diode laser spectrometer [2] . The rotational structure of this fundamental band was clearly resolved for the 2 77 1/2 and 2 1/3/2 states and assigned in agreement with the rotational constants and the value for the fine structure parameter (A = 321.93 cm -1 ) given by Jenouvrier and Pascat [3] . They carried out a rotational analysis of the two band systems C 2 E -X 2 n and B 2 n -X 2 IJ. Simultaneously with the IR measurements [2] , Ohishi et al. [4] observed the microwave spectrum of PS and derived from a combined analysis of the IR and MW data a reliable set of ground state molecular parameters. For the 2 77i/2 and 2 77 3 /2 state the authors [4] measured 77 lines with values of J < 16.5 below 293 GHz with a source-modulated millimeter-wave spectrometer.
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In the present paper we extend the two rotational series of the 2 TI\/2 and 2 77 3 / 2 states into the terahertz region to derive from this larger data basis an accurate set of molecular parameters for PS, but also to gain more insight into deviations from the idealized Hund's coupling case (a) for higher rotational states. As a consequence of the relatively high nuclear masses, the spin S and the electronic angular momentum L are strongly coupled to the internuclear axis, and therefore PS proves to be a typical Hund's case (a) molecule. In addition, these measurements on PS should also partly be seen as an effort to investigate the sub-mm-wave spectra of other phosphorus containing molecules, some of them with potential astrophysical significance, such as PH and CP.
In 1987 Turner and Bally [5] and Ziurys [6] detected the first phosphorus compound in interstellar space: the PN radical was discovered in Orion KL, Sgr B2, and W51. They found that the relative abundance of PN was 10 2 -10 4 times larger than that expected from gas-phase P chemistry (Thorne et al. 1984 [7] , Allen 1973 [8] ). Hence it seems probable to discover other phosphorus containing molecules, which would be desirable for understanding the phosphorus chemistry in interstellar space. However, the search for PS in interstellar and circumstellar sources between 97.5 and 98 GHz using the 45 m telescope of the Nobeyama Radio Observatory by Ohishi et al. [4] remained negative.
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II. Experimental
The Cologne terahertz spectrometer has been described in some detail in [9] . For the present measurements we used two high-frequency and broadband tunable backward wave oscillators (BWOs) as radiation sources (frequency range: 880 -1100 GHz, output power: ~ 0.5 mW and 530 -710 GHz, 2 mW supplied from the ISTOK company). These BWOs were digitally frequency and phase locked to the higher harmonics of a 78 -118 GHz local oscillator supplied by the KVARZ company. The BWO radiation was frequency-modulated by a double step function of 
\ N »I
\ 7 kHz and detected by a magnetically tuned hot electron InSb bolometer. For the detection of very weak lines of paramagnetic species, the Zeeman effect can be advantageously used instead of the commonly employed source modulation technique (see e.g. [10] ). However, in the present case the Zeeman modulation did not work out, since the J-values of the affected transitions were too high to be modulated by the applied magnetic field of about 6 Gauss. The PS radical was produced in a dc glow-discharge of PSCI3 in a 2 m long free space absorption cell. We started the measurements by discharching a (PSCI3, Ar) mixture and cooling the absorption cell down to -30°C, as has been done by [4] , However during the measurements we found the PS signal optimal by omitting the cooling of the cell. The best conditions for the PS production were partial pressures of 80 |Ltbar Ar, 3 |ibar PSC1 3 , and 320 mA discharge current.
For well-isolated and strong lines, the measurement accuracy of our spectrometer in the Doppler-limited mode is better than ±5 kHz [11] . Besides, this measurement accuracy can be increased to ±500 Hz in cases where sub-Doppler measurements are possible [12] . The PS spectra have been measured with less accuracy because of a variety of reasons such as partial blending for nearly all hyperfine components of PS, baseline problems, and the rather low production rate of the PS molecule. The measurement accuracy is estimated to be typically 80 kHz for the stronger lines and 200 kHz for the weaker ones. Sample spectra of the resolved ^1-doublets of J = 58. 
III. Results and Discussion
We measured 77 lines of PS in the frequency regions between 541 -718 and 912 -1070 GHz, which are listed in Table 1 and 2. These spectra were fitted to an effective Hamiltonian of the form H t ff = Hso + #SR + #Rot + #CD + #AD + #HFS> (0 where the subscripts SO, SR, Rot, CD, /ID, and HFS refer to spin-orbit, spin-rotation, rotational mo- The Hamiltonian was evaluated in a parity basis
representing Hund's case (a) [15] . For the hyperfine analysis, the basis was extended to include the total angular momentum quantum number F, where
and I = 1/2 or depending on the phosphorus atom.
In the extended basis, the Hamiltonian can be represented by the 2x2 matrix where, for the treatment of PS, the nuclear spin I has been set equal to 1/2. In the following the Hamiltonian will be discussed due to the order of the energy contributions of the individual terms of H e ff in (1) . For reasons of completeness we refer to the explicit Hamiltonian matrix elements.
III.I. Fine Structure
The fine structure is characterized by the electron spin-orbit-and electron spin-rotation-interaction, where the spin-orbit coupling dominates the splitting. The ground state of PS is a regular 2 77 state, so that the 2 77i/2 substate is the energetically lower one. The 2 77 3 / 2 substate lies nearly 320 cm -1 higher and, in the interstellar medium, it will only be populated in high temperature sources. Because of the relatively high nuclear masses of each atom, phosphorus and sulphur, the axial electromagnetic field along the quantization 
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A -doubling A -doubling a-axis is rather strong and therefore leads to a large coupling between the spin S and the electronic angular momentum L. This is the reason for the high energy splitting between the two electronic states (see Figure 3) . The 2 77 1/2 and 2 77 3 /2 arise from the coupling of S and L to form the resultant projection on the a-axis J? = A + E = \ and Q = A -E = As a typical property for Hund's case (a) wave functions the projections A and E on the internuclear axis and therefore i? are good quantum numbers. For PS, the large energy splitting between the two states 2 U 3 / 2 and 2 TI\/2, causes the observable transitions corresponding to AJ? = ± 1 to lie in the FIR, i. e. neither in the submm-nor in the terahertz-region. Nevertheless the value for the fine structure constant A of about 9.6 THz [3] can be used to analyse the pure rotational transitions, since the explicit matrix elements of Hso are independent of the rotational quantum number J: #fs = #so + #SR (4)
The necessity to take the spin-rotation interaction 7 into account for the fit is due to the strong correlation of the matrix elements of 7 with those of the yl-doubling parameter =2 E /7-states
which is independent of the parity function "±". Using perturbation theory, it can be shown that this term becomes dependent on "±" in the case of neighbouring electronic states and then affects the yl-doubling. In this case, 7 does not represent a contribution to the fine structure, but is instead a manifestation of an additional yl-doubling contribution between the 2 77 and the 2 E states.
III.2. Rotational Spectra
The observed pure rotational lines of PS are divided into two sets of transitions arising from the 2 11^/2 and 2 77i/2 states. In each fine structure term the typical rotational ladder corresponding to B • N(N + 1) of Hund's case (b) can be recognized, now determined by the rotational quantum number J = N ± S (see Fig. 3 ). However, the rotational part of the Hamiltonian of the PS radical can be represented by the expression
Spin-Orbit

-(J-S+ + J+S-) -(J+L-+ J_L + )}, (5)
Spin-Rot A-Doubling corresponding to the origin vector coupling of a Hund's case (a) molecule. Contrary to Hund's case (b) there is no possibility in case (a) to give a formula for the pure rotational part separately from finestructure and yl-doubling contributions. The matrix representation therefore results in
containing on-and off-diagonal elements in the case (a) parity basis (2) . n the case of rotation, off-diagonal elements represent an admixture of Hund's case (b) wave function and lead to the spin-uncoupling from the molecular axis. To determine the size of the Suncoupling as a function of J with the Hund's case (a) parity basis, we calculated rotational-spin-orbit energies with and without off-diagonal elements and took the difference AE between them as a measure of the S-uncoupling in Hund's case (b). This mathematical procedure was developed by Klisch et al. [13] . In Fig. 4 AE, plotted for PS, shows an approximative quadratic dependence on J and ranges in size up to « 1.9 GHz for J = 14.5. A comparison between the S-uncoupling of PS with that of NO -both have X 2 77-symmetry -shows that the size of the spinuncoupling of PS is by a factor « 70 smaller than for NO, which for higher rotational states is characterized by an intermediate state between Hund's cases (a) and (b) (see also Fig. 4 in [13] ). Light molecular species, as the hydrides PH [14] , SH [15] , and NH [16] , exhibit much stronger 5-uncoupling because of their larger rotational constants. In order to calculate accurate spin-uncoupling energies, a highly precise value for the pure rotational parameter B is required. As a result of our measurements we obtained very accurate values for the rotational parameter B and the centrifugal distortion parameter D (see Table 3 ). Futhermore, the sextic centrifugal distortion constant H was determined for the first time. It is worth noting that in a pure Hund's case (a) coupling scheme, L and S are separately decoupled along the internuclear axis. In PS for lower rotational states, the electronic spin 5 is coupled to the molecular axis, as in pure case (a). For higher rotational states, however, 5 slowly uncouples from the molecular axis and eventually couples instead to the angular momentum N = A + R, where R is the end-over-end angular momentum of the nuclear frame and A is the electronic orbital angular momentum along the nuclear axis, as in pure Hund's case (b). This spin uncoupling leads to a change in the effective rotational constants B t{{ and thus to characteristic shifts involving the two appropriate energy level stacks consisting of the rotational energy levels of the X 2 n\/2 and X 2 i7 3 /2 electronic states. 
III.3. A-Doubling
The electronic angular momentum leads to a degenerated state of J, which in the classical picture, is due to the two different orientations of the electron's motion around the nuclei. The molecular end-over-end rotation, or more precisely the interaction between the electronic angular momentum L and the rotation R, removes the degeneracy and splits each rotational-fine structure term into two states with different parity. The yl-doubling energies are in general smaller than the rotational or the fine structure energies. For the NO radical the uncoupling of L from the internuclear axis has the effect of making the molecule intermediate between Hund's case (a) and (d), in which L couples to R. For PS this effect is less important; as shown for the S-un_coupling. In general the il-doubling splitting is larger for the 2 77i / 2 state than for the the 2 77 3 / 2 state, which can be understood from the matrix elements:
where X = J(J + 1) -3/4 and ± refers to the parity function. The splitting of the 2 77i state is determined by the yl-type doubling parameters p and q, while the contributions refering to the 2 77 3 / 2 state are only dependent on the off-diagonal elements in q.
The analysis of /1-type doubling in terms of a 2x2 matrix is a simplification of the actual situation, in which matrix elements between the Q components of the 2 77 state and all 2 U states cause the effect. These matrix elements, connecting states of different yl (A = -1,0, +1), have the effect of causing the socalled L-uncoupling from the internuclear axis. Eventually, as J increases, L is more profitably coupled to the end-over-end rotation R of the molecule, a situation known as Hund's case (d). Since it is difficult to isolate perturbing 2 S states, a perturbation treatment first presented by van Vleck [18] is normally used. The {HAD) matrix shown above is the second-order result. The off-diagonal matrix elements of (HAD) are zero for molecules represented exactly by the parity basis of (2). Indeed, this holds for no molecule, since it would require a rotational constant of zero. When off-diagonal elements of (HAD) are included, the electron spin S, which is coupled to the orbital field of L in Hund's case (a) representation, will show a slight uncoupling due to admixture of Hund's case (d) in addition to its major uncoupling due to admixture of Hund's case (b). It can be stated in other words that while the linear yl-type doubling in the 2 ili ß state is a pure measure of L-uncoupling, the yl-type doubling in the 2 773/2 state is caused by a combination of L-uncoupling and S-uncoupling.
The ratio of the energetically split rotational terms of the 2 H-x,ji to the 2 771 / 2 fine structure term provides a qualitative measure of the joint effect of L-uncoupling and S-uncoupling compared with the pure uncoupling of L. This relation was calculated by first using the off-diagonal elements in (9) , which represent the nonlinear contribution of the yl-doubling causing (L + S)-uncoupling, and then by omitting the off-diagonal elements, yielding the pure L-uncoupling leading to Hund's case (d). In Fig. 5 , these ratios are shown for the radicals NO, SH, and PS, all of which are of 2 n symmetry. For the PS molecule the ratio is extremely small so that the points are pictured on a scale enlarged by a factor of 50. Based on (9), one expects the ratio to go as the square of the ratio of the rotational constant to the fine structure constant multiplied by a factor roughly quadratic in J, which results from algebraic diagonalization [17, 19, 20] , Thus, light radicals with large rotational constants will show deviations from pure case (a) at lower levels of J. For NO, the ratio of the rotational constant B to the fine structure constant A is roughly 0.01, so that even for J as large as 14.5, the ratio of the yl-type doubling in the 2 i7 3 / 2 substate to the yl-type doubling in the 2 n { / 2 substate is still only 0.1. For PS, the ratio is B/A = 0.0009, and this radical approximates case (a) almost exactly, such that the analogous ratio is 0.002 at J = 14.5. For SH [ 16, 21 ] the ratio is much larger, as pictured in Fig. 4, since B/A = 0. 025. The ratio B/A corresponds to the often quoted formula 2BJ A A | and is conform with the explicit matrix formalism of the symmetric wave function. Effects of transitions between the Hund's cases (see Klisch et al. [13] ) are compensated for off-diagonal elements.
7/7.4. Hyperfine Structure
The hyperfine splitting is dominated by the magnetic interactions between the nuclear spin I and the electronic orbital angular momentum L and spin S. These interactions exhibit a reverse behaviour from the yl-doubling, in that the splittings are more pronounced in the 2 /73/2 state. The basis used for the hyperfine coupling corresponds to Hund's case (dip), in which the nuclear spin I couples to J to form a resultant vector F.
The diagonal hyperfine matrix elements for the I = 1/2 case in this basis used for the numerical fit are given by Brown [22] and Meerts [23] :
where
• Via + 1)(2/ + 1)(2J + 1)(2J' +
The spin-rotation hyperfine interaction parameters Ci and Cr are of second order, as described by Townes and Schawlow [20] , who reduce the effect to a perturbation caused by excited states with Ayl = ±1; viz.
The nuclear spin-rotation constants typically influence the hyperfine structure of molecules possessing a strong bonding potential. For non-radicals like HC5N or other carbon chain molecules, the spin-rotation interaction Ci yields one contribution to the hyperfine structure. 
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In these terms, the magnetic Fermi-contact interaction constant b represents the dominant contributions. Because the parameter b (see Table 3 ) is rather small, the magnetic hyperfine interaction is dominated by diagonal contributions, but b affects the hyperfine spectrum due to the numerical diagonalization. In particular, the off-diagonal elements of b cause an increase of the hyperfine splitting of the 2 /J 3 /2 state and, vice versa, a decrease of the splitting of the 2 /7J j 2 state. Since the Fermi contact interaction represents the non-vanishing probability of the unpaired electron to be located near the nucleus, molecules with a significantly larger hyperfine splitting in the 2 77 3 / 2 state than in the 2 /7i/2 state possess a higher probability for the unpaired electron density to be large near the magnetic nucleus.
For most of our measured transitions it was not possible to resolve the hyperfine splittings caused by the P-atom because of their high J values up to 60.5.
For these quantum numbers, the individual components of the AF = ±1 transitions collapse within the Doppler-width. However, hyperfine transitions with AF = 0 move away from the central position but loose intensity. We have observed 5 hfs components corresponding to relative intensities as low as 0.0002, which for the first time allow a determination of the nuclear spin-rotation interaction constant C/.
IV. Conclusion
The newly measured lines (listed in Tables 1 and 2 ) yield a set of molecular parameters, whereby the rotational, the yl-doubling and the hyperfine parameters could be determined precisely. The rotational parameters (see Table 3 ) agree very well with those of [4] . In addition, the high rotational transitions require the centrifugal distortion parameter H in the fit. Both parameters for the yl-doubling, p and q and the centrifugal correction term D p were determined. All parameters of the magnetic dipole hyperfine structure have been determined, whereby a, c and the second order interaction Cj of the nuclear spin rotation were obtained for the first time. These values are somewhat different from those of Ohishi as a consequence of our measured lines with AF = 0.
